. Gap junctions are cell-to-cell channels that allow the Universitätsstr. 1, D-40225 Düsseldorf, Germany flux of low-molecular-weight compounds, e.g. nutrients or signalling molecules, between connected cells. The induction 3 To whom correspondence should be addressed of GJC is correlated with growth inhibition of chemically Induction of gap junctional communication (GJC) and transformed cells, an effect that has been demonstrated for antioxidant activities of carotenoids have been considered as retinoids and carotenoids (12) . Interestingly, also non-probiochemical mechanisms underlying the cancer-preventive vitamin A carotenoids such as canthaxanthin or lycopene properties of these compounds. β-Carotene and other stimulate the intercellular communication in vitro (5) . Recently, carotenoids, including those lacking provitamin A activity, we have shown that the effect of canthaxanthin on GJC is at proved to be active in both these parameters. The least in part mediated by its decomposition product 4-oxo-β-carotene analogs retrodehydro-β-carotene, echinenone, retinoic acid, a non-vitamin A retinoid (13) . Therefore, other cryptoxanthin (3-hydroxy-β-carotene), 4-hydroxy-β-caronon-provitamin A carotenoids might reveal specific biological tene and canthaxanthin stimulate GJC and efficiently activities. deactivate singlet molecular oxygen. β-Carotene is less
In a study by Zhang et al. (5) no correlation was found active than its retro-dehydro analog with respect to 1 O 2 -between the peroxyl radical scavenging activity of carotenoids quenching but GJC is similar. The five-membered ring and their stimulating properties on GJC. In the C3H/10T1/2 analog of canthaxanthin, dinor-canthaxanthin, has less system, the ability of various carotenoids to inhibit the formaeffect on GJC as compared with the parent compound but tion of thiobarbituric-acid-reactive material as an indicator for exhibits increased singlet oxygen quenching. Straight-chain peroxyl radical-mediated lipid damage did not correlate with polyene dialdehydes are quenchers of singlet oxygen, the their ability to stimulate GJC. However, regarding their antiefficiency increasing with the number of conjugated double oxidant properties, carotenoids are better known as scavengers bonds. However, none of these compounds significantly for singlet molecular oxygen and other excited molecules. induce GJC. These data indicate that the two properties Thus, we here compared carotenoids of different chemical of carotenoids addressed in this study may operate indestructure with respect to their singlet oxygen quenching activity pendent of each other.
and their effects on GJC.
Materials and methods Introduction

Chemicals
Epidemiological studies revealed that an increased consumpLucifer yellow CH was obtained from Sigma (Deisenhofen, Germany).
tion of fruits and vegetables is associated with a decreased Canthaxanthin was a kind gift from Dr J.Bausch, Hoffmann-La Roche (Basel, risk of the development of several kinds of cancer. A positive Switzerland). Retrodehydro-β-carotene and the dialdehydes were provided by correlation was also described for elevated β-carotene plasma Dr Paust, BASF (Ludwigshafen, Germany). The other compounds were synthesized according to published methods (14). All other chemicals were levels and a diminished risk for lung and stomach cancer (1, 2) . 
Gap junctional communication assay
On days 3, 5, 10 and 15 of the incubation, GJC was measured by microinjection of the fluorescent dye Lucifer yellow (10% in 0.33 M LiCl) into cells by means of a micromanipulator and a microinjection system (Eppendorf, Hamburg). The number of fluorescent cells around the injected cell was scored 5 min after injection and serves as an index of GJC (15). The data given in Table I and Figure 2 are mean values (Ϯ SEM) of 10 individual injections of cells. Each experiment was repeated in triplicate with essentially the same results.
Generation and quenching of singlet molecular oxygen
Singlet oxygen was generated chemically by thermo-decomposition of the endoperoxide of 3,3Ј-(1,4-naphthylidene) dipropionate (NDPO 2 ) yielding 1 O 2 and 3 O 2 (16). At 37°C , 3 ml of de-aerated ethanol/chloroform (1/1) was placed into a thermostated, closed glass cuvette. The reaction was started by adding 50 µl of NDPO 2 dissolved in D 2 O to give a final concentration of 5 mM NDPO 2 . The infrared photoemission of 1 O 2 was monitored at 1270 nm using a liquid nitrogen-cooled germanium diode photodetector as described (16, 17) . At the maximum of the emission signal, which was achieved within 5-6 min, 50 µl of the carotenoid solution (in chloroform) were added. The overall quenching constant (k q ϩ k r ) was calculated from Stern-Volmer plots, using the equation:
. dialdehyde (j). Data from Table I .
Discussion tion continues to increase. No induction is observed when the
The antioxidant properties of carotenoids and their influence cells were treated with the C-30-dialdehyde.
on GJC have been discussed in context with their preventive Similar experiments were performed with the other caroeffects towards the development of several kinds of cancer tenoids. For comparison of the induction of GJC mediated by (18). However, little is known about properties of carotenoids, the carotenoids, the GJC at day 5 in C3H/10T1/2 cells is listed including synthetic analogs, other than β-carotene. With respect in Table I . The data are given as per cent of control. The to the induction of GJC, we here identified a synthetic congener natural carotenoids β-carotene, echinenone, canthaxanthin, of β-carotene, retrodehydro-β-carotene, to be an efficient 4-hydroxy-β-carotene and cryptoxanthin stimulate intercellular inducer of intercellular communication via gap junctions. communication 3-to 5-fold. Violerythrin as a five-membered This compound contains an additional double-bond in the ring carotenoid stimulates GJC only by 1.5-fold. From the hydrocarbon chain, and the ring systems are attached to the synthetic carotenoid analogs only retrodehydro-β-carotene and core by double-bonds, thus providing a co-planar carotenoid. dinor-canthaxanthin induce GJC. The effect of retrodehydroIt is interesting to note that even such major changes in the β-carotene is in the range of that observed with β-carotene, geometry of the molecule and its system of conjugated doublewhereas dinor-canthaxanthin shows little effect. No significant bonds have little influence on the biological activity. However, influence on GJC is observed for the other synthetic compounds the data indicate that the presence of a six-membered ring is and the naturally occurring capsorubin. As mentioned above, important for inducing GJC (Table I) . None of the dialdehydes capsorubin was tested at a 10-fold lower concentration due to affected intercellular communication. cell toxicity observed at 10 µM.
The carotenoids substituted with a five-membered ring Quenching of singlet molecular oxygen showed only little activity in increasing GJC. A direct comparison between five-and six-membered substituents can All of the carotenoids investigated in this study proved to be efficient quenchers of singlet molecular oxygen (Table I ). The be taken from dinor-canthaxantin and canthaxanthin. The induction observed with the five-membered ring compound quenching rate constant depends on the number of conjugated double bonds present in the molecule. The C-20-dialdehyde dinor-canthaxanthin is one-half that observed with the sixmembered ring compound canthaxanthin. Thus, it appears shows the lowest quenching rate constant. The C-40-dialdehyde, dinor-canthaxanthin and violerythrin exhibit the highest likely that the size of the ring system of carotenoids plays a role with respect to biological effects on intercellular comquenching rates but also retrodehydro-β-carotene, echinenone, cryptoxanthin (3-hydroxy-β-carotene), 4-hydroxy-β-carotene, munication. However, the position of oxygen atoms as substituent at canthaxanthin, the C-30-dialdehyde, capsorubin, and β-carotene itself effectively quench 1 O 2 . No correlation was found the six-membered ring of carotenoids appears to have little influence, as no significant difference was observed between between the capability of carotenoids to induce GJC ( Figure  3 ) and the quenching rate constants for singlet oxygen. The the 3-hydroxy-and the 4-hydroxy-derivative of β-carotene. Canthaxanthin and echinenone, the 4,4'-dioxo and the 4-oxo-C-40-dialdehyde is among the most potent quenchers of 1 O 2 but has no effect on GJC. In contrast, the quenching activity analogs of β-carotene, respectively, induced intercellular communication. Similar extents of induction by β-carotene and of canthaxanthin is lower than that of this dialdehyde, but canthaxanthin efficiently increases GJC.
canthaxanthin have been described (5) . The data in Table I gap junctional communication by 4-oxoretinoic acid generated from its confirm that non-provitamin A carotenoids also are efficient In contrast to the effects on GJC, the ring-system has only Table I ). Thus, the data indicate that antioxidant properties of carotenoids and effects on intercellular communication that are discussed as biochemical mechanisms underlying cancerpreventing potential may operate independently of each other.
